In an embryonic chicken, traneto of the thoracic spinal cord prior to embryonic day (E) The anatomical development and functional organization of avian descending brainstem-spinal pathways concerned with locomotion is similar to that of other vertebrates, including mammals (1, (5) (6) (7) (8) (9) (10) . If the thoracic spinal cord of an embryonic chicken is transected prior to day 13 (E13) of the 21-day developmental period, the animal will subsequently effect complete neuroanatomical and physiological repair resulting in total functional recovery (8-10). Most importantly, regeneration of previously severed axonal fibers contributes to this repair process (10 
nation) until later in development by the direct rjectdon into the thoracic cord on E9-E12 of a monoclonal antibody to galactocerebroside, plus homologous complment. In such a dysmyelinated embryo, a ubsequt t on f the tborack cord as late as E15 resulted in compete repair and functional recovery (i.e., extended the per ve period for repair).
Although vertebrate central nervous system (CNS) axons will not regrow in the environment ofthe adult spinal cord (1, 2) , peripheral nerve grfts into the CNS provide a favorable environment through which CNS axons will regenerate (3) (4) (5) . These findings indicate that adult brainstem-spinal neurons retain intrinsic axonal growth programs and, if given (as yet unknown) favorable CNS environmental conditions, should be capable ofsuccessfully regenerating axons. Since the CNS extraneuronal environment of the developing embryo favors axonal outgrowth, comparing and contrasting the development and repair of embryonic brainstem-spinal projections should elucidate mechanisms essential to the functional repair of injured adult spinal cord.
The anatomical development and functional organization of avian descending brainstem-spinal pathways concerned with locomotion is similar to that of other vertebrates, including mammals (1, (5) (6) (7) (8) (9) (10) . If the thoracic spinal cord of an embryonic chicken is transected prior to day 13 (E13) of the 21-day developmental period, the animal will subsequently effect complete neuroanatomical and physiological repair resulting in total functional recovery (8) (9) (10) . Most importantly, regeneration of previously severed axonal fibers contributes to this repair process (10) . We have termed the developmental period prior to E13 the permissive period for functional repair. If the spinal cord is transected on or after E13, the repair of descending supraspinal pathways rapidly diminishes, resulting in minimal or no functional recovery (8) (9) (10) . Transection on or after E15 results in no axonal repair or functional recovery (1, 2, (8) (9) (10) . For these reasons we have termed the developmental period on or after E13 the restrictive period for functional repair.
Myelin-associated proteins that inhibit the anatomical growth of axons in vitro (11) as well as the regrowth of axotomized corticospinal fibers in vivo (12) (Fig. 1C) except for the most rostral one to four (cervical) segments of the cord. None of the 18 dysmyelinated embryos examined at E15 showed significant differences in the degree or extent of the suppression of spinal cord myelination. The onset of myelination was delayed for at least 4 days and was consistently found to occur on E17 (n = 9).
To control for the possible influence of nonspecific binding of the GalC antibody by other cell types, the thoracic spinal cords of 5 control embryos at E9-E12 were injected with an antibody to GFAP plus homologous complement. Myelination was not suppressed, nor was there any evidence of neuroanatomical repair or functional recovery after an E15 spinal transection in these animals or any other immunological control embryos. Other immunological control embryos received injections of GalC antibody only (n = 6), homologous serum complement proteins only (n = 8), PBS vehicle only (n = 4), or GalC antibody plus heat-inactivated serum (n = 8). In all cases, there was no delay in spinal cord myelination (see Fig. 1D ). This indicates that both the GalC antibody and homologous serum complement proteins are necessary to suppress the onset of myelination.
Dysmyelination and Transection. Neuroanatomical or functional assessments were conducted on (i) 18 dysmyelinated E15 transected embryos, (ii) 8 normally myelinated (i.e., uninjected) E15 transected control animals, (iii) 6 immunological control E15 transected animals (see above), and (iv) 8 normally myelinated and untransected control animals. Neuroanatomical and functional assessments were often carried out on the same animal.
To ensure that the thoracic spinal cord was completely severed, randomly selected embryos were processed for histological examination immediately after the transection procedure. In all cases a complete transection was confirmed (see ref. 9) . In addition, the lumbar spinal cords of 3 dysmyelinated embryos were injected with 1.0 ,ul of RDA solution (see below) at the time ofthe thoracic spinal cord transection. Only a complete thoracic transection would prevent the retrograde transport of any neuroanatomical tracer injected in this manner. Subsequent examination of the brainstem and spinal cord, rostral to the transection site, showed no evidence of RDA neuronal or axonal labeling; however, axonal labeling was evident near the injection site within the lumbar spinal cord. This confirms that the transection procedure reliably severs the entire thoracic spinal cord.
Neuroanatomical Assessments. There was a similar distribution and number of retrogradely labeled reticulospinal neurons in the 18 dysmyelinated, E15-transected experimental animals and 8 normally myelinated, untransected control animals following a post-hatching injection of RDA into the lumbar cord (Fig. 2) . In contrast, the 8 normally myelinated and 6 immunological control embryos transected on E15 showed no retrogradely labeled brainstem-spinal neurons.
Within the ventromedial reticular formation of the pons, the dysmyelinated, E15-transected experimental animals averaged 1003 nucleus, locus ceruleus, subceruleus nucleus, and raphe nucleus. These data indicate that neuroanatomical repair was not restricted to a few brainstem-spinal neurons (9, 10) .
Further evidence for dysmyelination extending the permissive period for axonal repair was obtained from 3 dysmyelinated animals injected with RDA into the lumbar cord at the time of the E15 thoracic transection, and then a second retrograde fluorescent tracer (cascade blue-labeled dextran amine) on P4. We found no evidence of brainstem-spinal neurons retrogradely labeled with RDA, but there were many cascade blue-labeled neurons (results not shown) indicating the subsequent axonal repair/regeneration of descending projections after transection.
Functional Assessments. EMG recordings from leg muscles during post-hatching walking by a normally myelinated, untransected control chick and a dysmyelinated, E15-transected chick are shown in Fig. 3 A and B . The pattern of leg muscle activity obtained from dysmyelinated, E15-transected chicks did not differ from those obtained from normally myelinated, untransected control chicks. As expected during walking, the same muscle (e.g., lateral gastrocnemius muscle, an ankle extensor muscle) in the right and left leg showed alternating periods of activity (Fig. 3A) . In addition, an antagonist muscle of the right lateral gastrocnemius, the sartorius (a knee extensor/hip flexor muscle) also exhibited activity that alternated with that of the right lateral gastrocnemius (Fig. 3A) . The right iiofibularis (knee flexor/ hip extensor) burst concurrently with the right lateral gastrocnemius and alternated with the right sartorius. None of the normally myelinated, E15-transected chicks were capable of locomotion or even unsupported standing.
The relationships between muscle activity (burst duration) and step cycle duration for normally myelinated, untransected control and dysmyelinated, E15-transected chicks were also similar ( Fig. 3 C and D) . The lateral gastrocnemius muscle is active during the weight-bearing phase (stance phase) ofthe step cycle. As cycle duration increases (i.e., the animal's velocity decreases), the duration ofthe stance phase increases, as does the burst duration of the lateral gastrocnemius muscle (17) . Conversely, the sartorius muscle is active during the non-weight-bearing phase (swing phase) of the step cycle. As cycle duration increases, the duration of the swing phase remains relatively constant, as does the burst duration of the sartorius muscle (17) . This supports the observation that the suppression of the onset of myelination extends the permissive period for functional spinal cord repair in the embryonic chicken. Normally myelinated control animals or immunological control animals, transected on E15, showed no functional recovery.
DISCUSSION
We have confirmed that the onset of myelination in the embryonic chicken spinal cord occurs at E13 (Fig. 1) , which coincides with the transition from the permissive to restrictive period for the functional repair of injured spinal cord (8-10, 13-15 ). More importantly, we have delayed the onset of myelination (dysmyelination) until E17 by means of a Proc. Nad. Acad Sci. USA 89 (1992) spinal injection of GalC antibody and serum complement, to determine whether myelin inhibits anatomical and functional repair following a transection. The immunological suppression of myelination until E17 was confirmed by MBP immunohistochemistry ( Fig. 1) and either a modified thionine or Sudan black histological stain for myelin (results not shown). The dysmyelination procedure also suppresses the expression of several proteins that normally appear at the developmental onset of myelination in the chicken embryo (D. W. Ethell, H.S.K., J.D.S., unpublished work).
A thoracic spinal cord transection as late as E15 (i.e., during the normally restrictive period for repair) in dysmyelinated embryos resulted in complete neuroanatomical repair and functional recovery (Figs. 2 and 3) . The number of retrogradely-labeled brainstem-spinal neurons and the quality of the voluntary locomotion observed in all dysmyelinated, E15-transected chicks were comparable to that in normally myelinated, control hatchling chicks that had not been transected. The neuroanatomical repair and functional recovery were also equivalent to that observed in chicks transected during the permissive period for spinal cord repair (e.g., E11-E12, when myelin has yet to appear; refs. [8] [9] [10] . This is in sharp contrast to normally myelinated (control) embryos transected during the restrictive repair period (on E15), which, upon hatching, were completely paralyzed and unable to stand (regardless of whether they were previously injected with GaiC antibody alone, complement alone, vehicle alone, PBS vehicle alone, GFAP antibody and complement, or GaIC antibody and heat-inactivated serum).
It is arguable that the locomotor recovery observed in the dysmyelinated, E15-transected chicks was not dependent on the functional repair/regeneration of brainstem-spinal projections but was due to intrinsic activity of neural networks confined to the lumbar spinal cord (1, 2, 5) . If this were the case, however, it is unlikely that the locomotor abilities would have been so equivalent (1) . Further evidence comes from our previous demonstration in late embryos and hatchling chicks that direct focal stimulation of brainstem-spinal neurons, within the gigantocellular reticular formation (an identified brainstem locomotor region), elicited locomotor activity only in an animal transected prior to E13 (9, 10, 18 Antisera against GalC, the major oligodendrocyte sphingolipid (19) , have been shown to demyelinate CNS tissue in vitro (20, 21) and optic nerve (22, 23) and spinal cord (24) We are uncertain whether the oligodendrocyte cell bodies survive our dysmyelination procedure. In vitro, the proposed mechanism of anti-GalC-induced demyelination involves microtubule disassembly and retraction of oligodendrocyte processes mediated by an influx ofextracellular calcium (21) .
Ifchick oligodendrocyte cell bodies are preserved throughout dysmyelination in vivo, then the subsequent appearance of myelin may be due to the re-extension of processes from surviving oligodendrocyte cell bodies. Ifthe oligodendrocyte cell bodies are destroyed by the dysmyelination procedure, then the subsequent myelination must be due to the novel differentiation of oligodendrocyte progenitors. These two possibilities are not mutually exclusive. The cellular site(s) for dysmyelination could be investigated by using double immunohistochemical staining with two different antibodies, one for the oligodendrocyte cell body and the second for the myelin processes. Using a specific MBP cDNA probe, we have observed that MBP gene expression is not downregulated in dysmyelinated animals (D. M. Pataky, H.S.K., and J.D.S., unpublished work). This suggests that the oligodendrocyte cell bodies survive the dysmyelination procedure and are a likely origin of subsequent myelin.
In conclusion, these findings demonstrate that suppression of myelination results in both neuroanatomical repair and functional CNS recovery after an embryonic spinal cord injury. Preliminary evidence also suggests that a slightly modified neuroimmunological approach will remove myelin from the post-hatchling spinal cord. It remains to be determined whether this intervention will improve the repair and recovery of function after injury to the adult spinal cord.
Nevertheless, the present data clearly confirm and extend the proposition that the presence of CNS myelin contributes to the inhibition of neuronal repair after an adult CNS i jury (3, 11, 12) . This suggestion is also indirectly supported by the demonstration that lampreys, which do not have myelinated CNS axonal fiber tracts, are capable of functional regeneration after either a larval or an adult spinal cord injury (26) . 
